Background: Efficient endodontic instrumentation of primary teeth is a challenge for paediatric dentists. Aim: To evaluate biomechanical outcomes of endodontic instrumentation with a reciprocating system in a polymer-prototyped primary maxillary central incisor. Design: The specimen was systematically instrumented and micro-CT scanned before and after each file. The amount of debris, percentage of non-instrumented areas, removed dentin volume, and lower dentin thickness at specific points along the root canal were analyzed. Results: A 10% increase in removed dentin volume was observed when R40 was compared to R25 (14.5% vs 4.2%). When comparing R50 with R40, this increase was only 3.4% (17.9% vs 14.5%). In the root cervical third, there was substantial reduction in dentin thickness with R50 (48.8%), followed by R40 (39.5%) and R25 (18.6%). There was no difference between R25 and R40 in the removal of dentin at the apical third (15.8%), while R50 resulted in 39.8% reduction in dentin thickness. Percentage of non-instrumented areas were the same for all files. Accumulated debris with R40 and R50 was the same (0.19 mm³) while for R25 was 0.11 mm³. Conclusions: The Reciproc ® system was effective for instrumentation of a prototyped primary maxillary central incisor. The most suitable file for apical preparation was R40.
| INTRODUCTION
Keeping sound and/or infection-free primary teeth in the oral cavity during the childhood period is the main objective of the paediatric dentist. In fact, these teeth keep the necessary space for the permanent successors and participate in many physiological oral functions, such as swallowing and vocalization, contributing thus to the general development of the child. 1 Pulpectomy is the procedure of choice for primary teeth with irreversible pulpitis or signs of necrosis. Throughout this procedure, the root canals are cleaned and shaped before being filled with a resorbable sealing/antibacterial paste. This technique has been traditionally advocated in primary teeth with the aid of manual stainless steel endodontic files.
studies have already shown that the cleaning and shaping of the root canal system is improved and the preparation time is reduced, when rotary systems are compared to manual files in the primary dentition. [3] [4] [5] [6] [7] [8] [9] [10] Most of these studies concluded that the use of motor-driven instrumentation systems significantly reduces preparation time and results in better cleaning and shaping of the root canal system. In order to reduce the cyclic fatigue of motor-driven endodontic instruments and to reduce the possibility of cross-contamination between patients, a NiTi single-file instrumentation system, with a reciprocating kinematics, was proposed. 11 In the reciprocation movement, the instrument rotates in clockwise and counterclockwise directions in different angles. When the instrument rotates in the cutting direction, it cuts dentin and advances in the canal. When it rotates in the opposite direction (smaller rotation), the instrument is disengaged. 12 The alternating clockwise and counterclockwise movement avoids locking of the instrument inside the root canal, reducing the compressive forces that cause elastic deformation, reducing the risk of instrument fracture by fatigue. 13 In vitro research on the applicability and efficacy of instrumentation systems in primary teeth has the inherent limitation on the collection of suitable specimens, since these elements are naturally lost only after complete exfoliation of the root. Primary teeth with a clear indication of premature extraction due to infection usually present pathological signs of root resorption, impairing their use as research specimens.
14 This may explain the lack of studies investigating biomechanical outcomes of root canal instrumentation in primary compared to permanent teeth and the still relatively low use of the technique among paediatric dentists. To overcome this, polymer-prototyped micro-CT based models 15 could be used to test contemporary instrumentation systems and their application in primary teeth. Thus, the aim of this study was to evaluate the efficacy of reciprocating instrumentation system (Reciproc, VDW, Munich, Germany) in a polymer-prototyped primary maxillary central incisor.
| MATERIALS AND METHODS
2.1 | Description of the tooth element used to produce the prototype A primary maxillary central incisor with no signs of root resorption was obtained through a collection of teeth duly registered in the Ethics Committee of HUCFF-UFRJ (Hospital Universitário Clementino Fraga Filho). The tooth was scanned in a high energy micro-CT (Skyscan 1173, Bruker micro-CT, Kontich, Belgium) using the following acquisition parameters: 40 kV, 150 mA, 7.8 μm pixel size, 2240 × 2240 pixels matrix, 1 mm, 800 ms exposure, 1°s tep, and 360°rotation around the vertical axis, resulting in a total scan time of about 29 minutes.
The projections were reconstructed in cross sections using proprietary software (NRecon, Bruker micro-CT) in which algorithms were introduced for correction of ring artefacts (10) and beam hardening (50%), facilitating the subsequent processing and extraction of attributes. The produced cross sections were processed by a sequence of filters using the free software interface ImageJ, 16 FIJI implementation (National Institutes of Health, Bethesda, MD, USA), and a portable workstation (Titanium W1565 Pro, Avell, Joinville, SC, Brazil). After filtering, the surface of the specimen was rendered using the Volume Viewer plugin, implemented in FIJI. The produced mapping of tetragonal mesh surfaces was exported in *.STL format to another free software platform (MeshLab v.1.3.3, 3D Coform) where it was simplified and prepared for 3D printing using specific filters. The files in *.STL format were imported into the printer's proprietary software (3D Pegasus Touch, 3D Graf, São Paulo, SP, Brazil) and printed on a laser stereolithographic printer, which solidifies liquid photopolymers by exposure to an ultraviolet laser. In this study, a transparent polymer (VeroClear 810 resin) was used to print the model. Table 1 provides the manufacturer's specifications for the used polymer. Figure 1 shows 
Why this paper is important to paediatric dentists
• The use of the Reciproc system in primary teeth provides quality instrumentation and a low risk of perforation during endodontic treatment.
• The most suitable file for coronal and apical preparation was R40, with appropriate balance between shaping and risk of perforation.
the volumetric renderings of the model, the applied tetragonal mesh, and its final appearance after printing.
| Root canal access and instrumentation procedures
The palatal crown surface of the printed specimen was accessed with a diamond burr 1012, and the length patency was established using a K #10 file (DentsplyMaillefer, Ballaigues, Switzerland) introduced until the instrument tip reached the apical foramen, as visualized by a stereomicroscope, being slightly removed to the point that was no longer visible. The penetration limiter was then adjusted at the incisal surface of the tooth, and the file was removed and measured. In this case, the full length of the tooth was 16 mm. From this measurement, 1 mm was subtracted, defining thus the working length (WL) at 15 mm. After this, the root canal was prepared with the crown down technique with the Reciproc system (VDW, Munich, Germany) powered by Reciproc Silver motor (VDW) in the "Reciproc All" option selected on the engine panel. The reciprocating movement in the Reciproc system is characterized by rotation in counterclockwise and clockwise, with 120°difference between movements, and 10 cycles of reciprocation per second, equivalent to 300 rpm. The root canal was prepared sequentially with instruments R25 (#25.08), R40 (#40.06), and R50 (#50.05) in the WL and irrigated with saline. Reciproc files have a continuous taper over the first 3 mm of their working part followed by a decreasing taper until the shaft. The instruments were used in light apical pressure in slow pecking motion (maximum amplitude of 3 mm), in up to two-thirds of the working length. After that, instruments were cleaned with humid sterile gauze and then introduced up to the working length. At each stage, the canal was irrigated with 2 mL of 2.5% sodium hypochlorite and the patency was confirmed with a 15 K-type file. At the end of each preparation with the Reciproc instruments, the tooth was scanned in micro-CT using the previously described parameters. In total, the specimen was scanned four times (before and after preparation with R25, R40, and R50).
| Micro-CT analysis
Acquisition of the prototype images at baseline and after instrumentation with each file was performed with the same parameters described above. Reconstruction was also performed similarly using the following parameters (standardized for all reconstructions): Filter for noise removal (7), correction of ring artefacts (5), correction of beam hardening (50%), and contrast limits set between 0.04 and 0.5.
After the reconstruction, all image datasets were registered to ensure that they were positioned in the same spatial coordinates. To perform the co-registration procedure, the image datasets were exported in *.nrrd format to the 3D Slicer software (available at http://www.slicer.org). The baseline dataset (sound root canal) was considered as the reference volume, to which the other datasets corresponding to the different preparation moments were registered. A "Rigid + Scale" algorithm with 7 degrees of freedom was used in all processes.
After registration, the following biomechanical outcomes of root instrumentation were obtained: the amount of debris accumulated inside the canal, the percentage non-instrumented areas, the volume of dentin removed from the canal, and the lower thickness of dentin remaining at specific points of the root canal. A previously proposed methodology was used to obtain these micro-CT parameters in permanent teeth. 17 This analysis is based on obtaining volumes of the sound and instrumented canals using different segmentation thresholds, according to the desired parameter. In order to analyze the risk of root perforation, the smaller dentin thickness after each instrumentation procedure was obtained using the BoneJ plugin, 18 implemented in ImageJ (National Institutes of Health, Bethesda, MD, USA). In this plugin, the thickness of the dentin between the root canal and the external surface was mapped and quantified three-dimensional using the "thickness" command. Table 2 shows quantitative results of the instrumentation parameters in the studied specimen. It is possible to disclose that the increase in removed dentin volume (1.14 mm 3 , 1.75 mm 3 , and 2.01 mm 3 ) after sequential instrumentation with R25, R40, and R50 was not followed by a reduction in non-instrumented areas, as 39.1%, 39.6%, and 39.8% of root canal area was not touched by the R25, R40, and R50 instruments, respectively. The risk of root perforation at 1 mm of the apex was, however, increased for instrumentation with R50 compared to R40, as the percentage reduction in dentin thickness was greater for R50 (31.6%) compared to R40 and R25 (15.8%). Figure 2 shows 3D volumetric renderings of the main studied parameters, whereas Figure 3 displays the distribution of the remaining dentin thickness after instrumentation with each file.
| RESULTS
T A B L E 2 Results of the instrumentation parameters obtained in the studied specimen after the sequential instrumentation with a reciprocating system (Reciproc) In fact, the design and flexibility of NiTi alloy instruments allow preservation the original anatomy of curved canals and reduce errors during instrumentation, which may be especially useful in primary teeth, which present anatomic challenges due to physiological or pathological resorption. Moreover, due to its funnel-shaped canal preparation, a more predictable uniform paste filling can be obtained after NiTi instrumentation in primary teeth. 19 Some concern has been raised, however, if the use of rotary systems might generate more anxiety in children, as they are noisier and generate more vibration, leading to less cooperation. 4 The concept of a single-file reciprocating system was recently introduced in endodontics, 11 and its applicability in contemporary endodontic treatment in primary teeth has now been debated. The Reciproc system (VDW, Munich, Germany) used in this study is one of these systems. Its main advantage is related to the lower risk of file fracture during instrumentation. Fracture of the instruments generally occurs due to threading in the dentin wall, which does not occur in this system since the kinematics includes alternating rotation clockwise and counterclockwise movements. Other advantages of a single-file system include reduction in working time, prevention of cross-contamination, and improved safety. 20 The instrumentation procedure was carried out using the three instruments of different diameters available in the Reciproc system: R25 (0.25 mm diameter and taper 0.08), R40 (0.40 mm diameter and taper 0.06), and R50 (0.50 mm diameter and taper 0.05). Taper of Reciproc instruments is fixed over the first 3 mm from the apex, followed by a decrease in taper values until the shaft. 21 Several methodologies have been used to evaluate the quality of root canal preparation. 22, 23 Due to its non-destructive nature and high resolution, micro-CT is presently considered as the gold standard method for this purpose. 24 In primary teeth, the use of this methodology, however, is still very restricted in the field of endodontics. 8 In the present study, instrumentation was performed using a prototyped primary maxillary central incisor. According to previous studies, the use of these prototyped resin replicas is very promising and has the potential to be used for educational purposes, endodontic training, and research due to the sample standardization, allowing to assess the root canal instrumentation in laboratory-based studies. 15 F I G U R E 3 Distribution of the dentin thickness between the root canal and the external dentin surface after each Reciproc instrument. Blue shades indicate the smaller thickness (greater risk of perforation), whereas the more yellowish shades indicate the presence of greater dentin thickness (less risk of perforation) During endodontic instrumentation with manual files on anterior primary teeth, it is common practice to carry the apical instrumentation up to the diameter 0.45 mm of the K-file sequence.
14 In the present study, after using the complete sequence of Reciproc files, a 10% increase in the total volume of removed dentin was found when the R40 file was used compared to the R25 file (14.5% vs 4.2%). When comparing the R50 file with the R40, this increase was only 3.4% (17.9% vs 14.5%). Correlating this finding with the current practice for manual files previously mentioned, it is possible that instrumentation with R40 would probably be more indicated in primary maxillary central incisors, since the small increase in the volume of dentin removed from R40 to R50 would not justify the increased risk of perforation. In fact, based on the obtained results, it is assumed that instrumentation of the primary maxillary central incisor canal with the R50 file would likely increase the risk of root perforations (48% decrease in dentin thickness in the cervical third) without significantly improving the percentage of non-instrumented areas of the canal (39.8% of non-instrumented areas for the R50 compared to 39.6% for the R40). Indeed, there was no difference between the R25 and R40 files in the apical third, probably because of the initial anatomic diameter of the apical part of the canal was near the specifications of the R25 file. Therefore, the use of the R40 file may be, in fact, indicated for apical instrumentation of primary incisors, since it removed a greater amount of dentin at this area (shaping ability) without increasing the risk of apical perforation. Regarding the smallest dentin thickness at 3 mm of the canal entrance, a greater reduction was found for R40 (0.26 mm) compared to R25 (0.35 mm), which was though expected due to the different tapers of the instruments (diameter at D16 1.05 mm for R25 and 1.10 mm for R40). 21 These areas are, however, not as risky as apical areas for perforations in primary upper central incisors.
The percentage of non-instrumented areas of the canal found in this study using primary teeth is in agreement with the results obtained in other studies performed in permanent teeth. 20, [24] [25] [26] No study evaluating this biomechanical outcome of root instrumentation was found using primary teeth. Previous studies have only compared the Reciproc system in primary molars and canines with other rotary and reciprocating systems. The results demonstrated that the Reciproc system achieved a better performance in relation to instrumentation speed, cleaning, and extrusion of debris. 9, 27, 28 Better cleaning was specially obtained in the coronal and middle thirds of the root, and less time was needed for instrumentation when the rotatory systems were used, especially the reciprocating one. 5, 7, 8 Only one study reported longer times for instrumentation with rotary systems compared to the manual, in which he considered it as a matter of operator's experience. 9 Regarding the risk of canal transportation, less effect was found using a reciprocating system compared to a continuous rotary system in primary teeth. 29 Regarding anatomic features, root canals of primary maxillary central incisors are flat, ribbon-shaped, whereas the rotary instruments have a spherical shape with a taper descending to the apex. Therefore, a percentage of noninstrumented areas will always be expected when using these instruments, as verified for permanent root canals. 20, 24 One promising technique to reduce the percentage of non-instrumented areas in primary maxillary central incisors may be the use of the TRUShape 3D Conforming Files system (Dentsply, Tulsa, OK, USA). These are heattreated NiTi files with an S-curve in their longitudinal axis, which establishes a larger surface contact with the canal walls, resulting in an asymmetric rotary movement. It promotes greater preservation of dentin during the canal shaping and maintains the integrity of the root structure. 30 With similar design and kinematics, the XP-Endo Shaper files (FKG Dentaire, La Chaux-de-Fonds, Switzerland) may also be an option. This system has a broad-spectrum shaping instrument made with the MaxWire alloy (Brasseler, Savannah, GA), which expands and contracts to adapt itself to the canal morphology, providing, according to the manufacturer, greater flexibility, and resistance to cyclic fatigue. The instrument has an initial taper of 0.01, and after insertion into the canal achieves a taper of at least 0.04. The Booster Tip allows to start shaping a canal with the initial diameter smaller than the instrument's. 31 No studies, however, have evaluated these contemporary instruments ability to clean and shape root canal systems in primary teeth. The applicability of prototyped polymer replicas shown in the present study may certainly help to improve the technique of root canal instrumentation in primary teeth.
| CONCLUSIONS
The use of polymer-prototyped primary teeth for the study and evaluation of endodontic instrumentation in micro-CT is viable. The Reciproc system was effective for root canal instrumentation of a primary maxillary central incisor prototyped in a polymer, without perforations. Reciproc file R40 was suitable for coronal and apical preparation. Studies on the instrumentation of primary teeth using prototypes and contemporary rotary instruments can improve the quality and effectiveness of instrumentation.
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